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Structure and texture of anisotropic nematic gels
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Anisotropic nematic gels are prepared viain situ polymerization of diacrylate monomers in an oriented
nematic liquid crystal~LC! matrix. The structure of the gels is studied from micrometer to nanometer scales by
optical microscopy, small angle neutron scattering, andu/2u light scattering. A strong anisotropy is evidenced
at all scales without electric field for both mesogenic and nonmesogenic monomers. The gel network can be
pictured as an ordered but strongly distorted and polydisperse structure with two characteristic sizes: the mean
size of the polymer objects and a correlation length between these objects, corresponding to the mean-size of
the LC domains, which are estimated from neutron and light scattering results to be of the order of some tens
of nanometers and some micrometers, respectively. Moreover, a sheet-like structure of the polymer network is
evidenced. When an electric field is applied, one part of the LC switches while the other part remains anchored
to the polymer network. The electric field dependence of the volume fraction of anchored LC is estimated from
the analysis of the light scattering data. We emphasize systematic correlations between structure and electro-
optical properties of the gels.
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I. INTRODUCTION

The orientation of liquid crystal~LC! molecules at inter-
faces and in confined geometries is a topic of current inte
@1#. Anisotropic nematic gels can be prepared in thin cells
UV photoinduced polymerization of diacrylate monomers~a
few mol %) within a nonreactive nematic LC matrix@2#.
Aligning layers deposited on the glass windows of the ce
leads to a planar and uniform anchoring of the LC on
surfaces and to an overall alignment of the bulk@3#. Poly-
merization in such an anisotropic matrix leads to an an
tropic polymer network oriented along the LC director. R
ciprocally, the LC molecules anchor on the polymer netwo
which induces drastic changes in the behavior of the
under electric field. A progressive transition is obtained
tween theoff transparent state and theon scattering state by
applying an ac electric field. The electro-optical properties
such composites were extensively studied@2,4–13#. So far,
two possible structures were proposed in the literature@4,7#.
They are sketched in Fig. 1. In model 1, the polymer for
thin sheets that interconnect to form cavities oriented al
the director axis, in which the LC molecules are confin
@Fig. 1~a!# @4,7#. In model 2, the polymer forms oriente
cylinderlike fibrils, which assemble into bundles of subm
crometer size and are surrounded by interconnected dom
of LC @Fig. 1~b!# @2,4#. Hikmet and Boots reported that on
can obtain structures corresponding to model 1 or 2 depe
ing on the chemical nature of the monomer and/or their c
centration. They studied the switching behavior for both
them and observed two distinct responses@4#. For gels of
model 1, each LC domain is separated from the others
polymer sheets and therefore the switching behavior is do
nated by the effect of the sheet interfaces. In this case,
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electro-optical characteristic~EOC! is sensitive to the poly-
mer concentration but not to the sample thickness, and
hysteresis is measured in the EOC. By contrast, for gels
model 2, the LC domains are interconnected and there
switching is dominated by the effect of the cell surfaces.
this case, the EOC does not depend significantly on the p
mer concentration but is very sensitive to the cell thickn
and a hysteresis is measured in the EOC.

The study of the gel structure is not straightforward in t
real space. The anisotropy can be evidenced by optical
croscopy between crossed polarizers@4# but the study of the
structure at a submicronic scale requires a better resolu
Several groups studied the anisotropy of nematic or cho
teric gels by scanning electron microscopy~SEM! @2,14,15#.
The shape and characteristic sizes of the polymer netw
can be estimated directly from the SEM pictures. Fibril-li
or sheetlike structures were observed@14,15#. However, in-

FIG. 1. Sketch of the structure of nematic gels, as proposed
Hikmet and Boots~from Ref. @4#!. ~a! Interconnected polymer net
work, hereafter called Hikmet’s model 1;~b! independent, cylinder-
shaped, polymer objects, hereafter called Hikmet’s model 2.
©2003 The American Physical Society09-1
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GAUTIER et al. PHYSICAL REVIEW E 68, 011709 ~2003!
vestigations by electron microscopy techniques cannot
performed on wet gels. Some studies were performed on
gels after evacuation of the LC molecules@2#. However, be-
cause of possible collapsing by action of capillarity forc
the hypothesis that the polymer network structure is c
served during drying remains questionable.

On the other hand, only a few studies of the struct
were performed in the reciprocal space. Braunet al. per-
formed small-angle x-ray scattering~SAXS! measurements
on wet and dry anisotropic gels@9# and proposed a bicon
tinuous structure with a characteristic scale of 10 nm to
terpret their data. Ja`kli et al. @11# reported small-angle neu
tron scattering~SANS! investigations of pastes of polyme
LC composites polymerized with the LC in the isotropic
smectic A phase. A small anisotropy was evidenced
samples polymerized in the smectic phase under magn
field. The data were interpreted by assuming a fibrillic str
ture ~Hikmet’s model 2!, the characteristic mean diameter
the fibrils was estimated to be of the order of some tens
nanometers. To our knowledge, the study of the structur
nematic gels in thin display cells oriented by surface align
layers was never performed so far by SAXS or SANS. Ho
ever, the structure of the polymer network at the nanom
scale remains of fundamental importance to improve
electro-optical properties. At the micrometer scale, light sc
tering was mostly used as a probe of the electro-optical p
erties@2#. Analytic description of the data is not straightfo
ward because of the polydisperse structure. However,
recent paper@13#, we showed that light scattering exper
ments can help describing the switching behavior of nem
gels via an estimate of the electric field dependence of
ratio of switched LC. Some questions, however, remain
open, for example, the reason why the maximum of scatte
intensity shifts to largeq when the electric field increase
was not well adressed in this former study.

Finally, spectroscopic measurements have provided i
rect but relevant informations on the structure of nema
gels. Riedeet al. performed 13C NMR studies of nematic
gels prepared with diacrylate monomers and polymerized
der electric field@7#. Their data support the model of near
cylindrical LC domains surrounded by thin walls of polym
network ~Hikmet’s model 1!. The size of the domains is es
timated at about 35 and 100 nm for monomer concentrat
of 20 and 8 mol %. On the other hand, Gautieret al.showed
that one can estimate the ratio of switched molecules fro
polarized Raman study, in good agreement with light scat
ing results@12,13#.

In this paper, we study the structure of nematic gels
three different techniques: optical microscopy, SANS, a
u/2u light scattering. We find evidence of strong anisotro
of the polymer network at both nanometer and microme
scales. We discuss the structural changes under electric
and the different behaviors observed for mesogenic and n
mesogenic monomers. We show that the gels can be cha
terized by two characteristic scales: the~small! size of the
polymer objects and a correlation length between these
jects, which also corresponds to the typical transverse siz
the LC domains. This allows us to propose a detailed ske
of the structure of the polymeric network in nematic gels a
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of the switching of the LC under electric field. Finally, w
discuss the correlations between the structure and the ele
optical properties of nematic gels.

II. EXPERIMENT

A. Preparation of the samples

The preparation of the gels was described in detail e
where@12,13#. Briefly, the gels were prepared using the li
uid crystal E7~essentially a mixture of cyanobiphenyls an
cyanoterphenyl, nematic between210 °C and 60.5 °C) from
Merck and 0.5–3 mol % of a fluorinated dimethacrylate m
sogen monomer, hereafter called 4d, or of a nonfluorina
diacrylate nonmesogenic monomer, hereafter called 6b
both synthesized by T. Chuard and R. Deschenaux at Ins
de Chimie, Universite´ de Neuchaˆtel. Common LC thin dis-
play cells were prepared with two parallel glass plates rec
ered by transparent ITO electrodes and coated with a
film of polyimide ~see sketch in Fig. 2!. The film was rubbed
with velvet in order to induce planar alignment of the L
molecules@3#. For some cells, homeotropic alignment w
achieved from a special polyimide coating without rubbin
Spacers were used to obtain well-controled and unifo
thickness. The thickness was fixed to about 9mm for light
experiments and electro-optical studies. The cells were fi
at room temperature by capillarity and then exposed to
light for several hours. The conversion rate of monomers w
determined from Fourier transform infrared~FTIR! measure-
ments and found to range between 50% and 80%@16#. The
light transmission for as-prepared gels was between 80%
90%. In the following, we will associate the following refe
ence frame to the cells prepared with planar alignmentZ
corresponds to the aligning direction,X corresponds to the
thickness, andY corresponds to the third dimension~Fig. 2!.

B. Optical microscopy measurements

The samples have been studied by optical microscopy
tween crossed polarizers at various temperatures. The re
for a gel prepared with 1.1 mol % of 4d are displayed in F
3. Picture 3~a! shows the picture of the gel at room temper
ture, with the aligning directionDW parallel to the polarizer.

FIG. 2. Sketch of a cell and definition of the reference frameZ
corresponds to the aligning direction,X to the cell thickness.
9-2
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STRUCTURE AND TEXTURE OF ANISOTROPIC NEMATIC GELS PHYSICAL REVIEW E68, 011709 ~2003!
The texture is non uniform, it presents both colored and d
domains, with typical sizes of about 1 –1.5mm. Note that in
the same configuration, an uniform cell of nematic LC wou
be completely black. Pictures 3~b!–3~e! were observed as a
function of temperature, after rotation of the cell of 45°. A
room temperature@Fig. 3~b!# no texture can be observed.
proves that in the domains of picture 3~a!, the director devi-
ates only a little fromDW . Otherwise, some of the domain
would be extinguished at 45° and the texture would still
visible. The observed color is related to the optical retar
tion, d5Dne, whereDn is the birefringence ande the cell
thickness~here,e.10 mm). The birefringence of a LC de
creases as the temperature increases, and reaches 0 aTNI .
The observed change of colors is due to the variation ofd,
connected to the variation ofDn, and can be controlled on
the Newton scale. The color we observed for this gel at ro
temperature (T5TNI245 °C) was a pale pink of the fifth
order@Fig. 3~b!#, which corresponds to a retardation of abo
2000 nm and therefore a birefringence of about 0.2. AtT
5TNI28°C @picture 3~c!#, the color is green of the secon
order (d.700 nm andDn.0.07). At T5TNI25 °C @pic-
ture 3~d!#, an anisotropic texture is observable, with the a
isotropic axis oriented parallel to the aligning directio

FIG. 3. ~Color online! Optical microscopy pictures betwee
crossed polarizers~in theZYplane! of a gel prepared with 1.1% mo
of monomer 4d.~a! Aligning direction parallel to the polarizer
room temperature,~b!–~e! aligning direction at 45° from the polar
izer, T5TNI245 °C, T5TNI28 °C, T5TNI25°C, T5TNI

15°C, respectively,~f! aligning direction parallel to the polarizer
T5TNI15°C.
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Here, the contrast is due to a different evolution of the bi
fringence, probably weak for the polymer but steep for t
LC near the transition. The typical distance between doma
is of the same order as the domain size evaluated from
ture 3~a!. We will see below that this typical distance is als
of the same order than that measured by light scatter
Finally, at T5TNI and above, the anisotropic texture disa
pears and a small retardation is observable@picture 1~e!#,
corresponding to a gray of the first order (d.200 nm and
Dn.0.02). This residual retardation when the nematic m
trix is isotropic is certainly due to the residual birefringen
of the oriented polymer network, and possibly also to t
birefringence of oriented LC domains anchored on the n
work. Note that for a LC aboveTNI , d50 and the field

would be black. Finally, when the cell is observed withDW

parallel to the polarizer aboveTNI @picture 3~f!#, there is no
extinction as it would be for the bulk but again a textur
slightly anisotropic and different than that observed at ro
temperature on picture 3~a!. This texture and the residua
birefringence indicate an alignment of the polymer netwo

along DW . Note that the texture is very different than th
observed by Hikmet and Boots on gels with fibrillic structu
~Hikmet’s model 2!. By contrast, it seems rather close
what was observed for gels of model 1@4#.

In summary, these optical microscopy measurements
low us to evidence the anisotropic texture of the gels at
micrometer scale. Note that the anisotropy is more ea
observable for smaller concentrations and/or nonmesog
monomer~not shown! because the typical size between o
ented domains increases. We show below that the typ
sizes measured in microscopy are in good agreement
light scattering results.

C. Small-angle neutron scattering experiments

Specific cells were prepared for neutron studies in or
to optimize the scattered signal. High-purity quartz windo
were used to avoid neutron absorption by bore impuriti
The conducting ITO layer was replaced by a thin layer~10
nm! of nickel to avoid absorption by indium. The thickne
of the cells was fixed to 175mm and each experiment wa
achieved on a set of two superimposed cells. This proced
allows us to improve the scattered signal and to preserv
good ~layer-induced! alignment of the LC. In order to in-
crease the scattering contrast, the main component of the
5CB, was deuterated~by courtesy of P. Keller, Institut Curie
Paris!. We checked that the scattering from empty cells a
from bulk deuterated LC was negligible with respect to sc
tering from gels. Therefore, the scattering contrast is p
duced by the difference of scattering density between
polymer phase and the LC phase. Four samples were stu
two with the monomer 4d and two with the monomer 6ba
The monomer concentrations were 0.7 and 1.5 mol %.

SANS experiments were performed at Laboratoire Le´on
Brillouin on the spectrometer PAXY. Different wavelength
and sample-to-detector distances were used to cover the
tering range 531023–431022 Å21.
9-3
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D. uÕ2u elastic light scattering experiments

The structure of the gels was also investigated in ela
light scattering experiments, using a monochromatic incid
radiation of wavelength 1mm. The scattering intensitie
were corrected from Fresnel reflections and angular dep
dent beam path. We used au/2u setup in order to keep th

scattering vectorqW in the plane of the substrates.

III. RESULTS AND INTERPRETATION

A. Anisotropy of the polymer network

Neutron scattering patterns display strongly anisotro
shapes for all samples studied. Typical patterns without e
tric field are displayed in Fig. 4~a! and in the left part of Fig.
5. The scattering signal is very anisotropic being much m
extended along the direction~Y! perpendicular to the align
ing direction. This indicates that fluctuations of the scatter
length are preferentially in this direction and therefore t
the polymer network orients preferentially parallel to t
aligning direction. For both mesogenic and nonmesoge
monomers, this anisotropy is a direct evidence that polym
ization in an oriented nematic solvent induces an orienta
of the polymer network parallel to the nematic director. No
that for the same molecular fraction of monomer (0.7%),
SANS anisotropy is smaller for the gel prepared with no
mesogenic monomers~Fig. 5, bottom left!. In addition, the
very weak signal measured in the direction parallel to
aligning direction~Z! indicates that there are essentially
length scattering density fluctuations in this direction.
contrast, an isotropic pattern is observed in the plane per
dicular to the aligning direction for gels prepared with h
meotropic alignment@Fig. 4~b!#. Assuming that the growth
of the polymer network is comparable for cells prepared w
planar and homeotropic anchoring, this indicates that
polymer network displays an anisotropic structure orien
along the aligning direction and presents a cylindrical sy
metry with respect to this direction.

The anisotropy of the polymer network was also prob
under application of an ac electric field. The changes in
scattering pattern are displayed in Fig. 5 for an electric fi
of 2.3 Vmm21. Essentially no change is observed for ge
prepared with the mesogenic monomer 4d. By contrast,
plying an electric field leads to a significant loss of the SAN
anisotropy for gels prepared with the nonmesogenic mo
mer 6bab~Fig. 4 bottom!. This change is irreversible and th
original pattern is not recovered once the electric field
released. This indicates an irreversible deformation of
polymer network in 6bab gels induced by the electric fie
This deformation cannot be assigned to a direct elec
optical effect, since the monomer has no mesomorphic p
erties but rather to an hydrodynamic effect. Moreover, si
no deformation is observed for the 4d gels, we conclude
6bab polymer networks present much weaker mechan
properties due to a smaller polymerization rate, and a c
comitant smaller reticulation rate. As estimated from infrar
studies @16#, the conversion rate during polymerization
about 75% and 50% for gels prepared with 0.7 mol % mo
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mer of 4d and 6bab, respectively@Figs. 5~a! and 5~b!, respec-
tively#.

B. Microscopic structure of the polymer network

The quantitative analysis of scattering patterns can p
vide structural information on the shape, size, and surf
roughness of the scattering objects at a scaleq21. SANS
experiments give typically access to sizes from the nano
eter scale to a few hundreds of nanometers. Let us calla the
typical size of the scattering object~the thickness of the
sheets in Hikmet’s model 1 or the radius of the fibers
Hikmet’s model 2! and j the typical distance between th
scattering objects. Ifqa@1, the SANS pattern will essen
tially correspond to scattering from the surface of the po
mer objects~form factor! and will follow a typical power
law, the so-called Porod lawI .q24 for smooth interfaces, or
I .q2s with 3<s,4 for rough or fractal interfaces@18#. If
qa!1, the SANS signal will be sensitive to the positio
correlations of the objects. For uncorrelated diluted syste
the signal is expected to be constant~independent ofq). For
correlated systems, one measures the structure factor o
system~note that for nematic gels, relevant information o
the structure factor has also been measured by light sca
ing and will be presented elsewhere!. If now qa.1, a can be
estimated within the SANS range. For diluted sytems,
scattering signal corresponds to the form factor of a sin
object, which is well described by the so-called Guinier a

FIG. 4. SANS patterns for a gel prepared with 0.7 mol %
monomer 4d:~a! planar anchoring, scattering in the plane~YZ!, ~b!
homeotropic anchoring, scattering in the plane perpendicular to
aligning direction.
9-4
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FIG. 5. SANS patterns in the
YZplane~Z is horizontal! for ~a! a
gel prepared with 0.7 mol % of 4d
and ~b! a gel prepared with 0.7
mol % of 6bab, without electric
field ~left! and with an electric
field of 2.3 Vmm21 ~right!.
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proximation I (q)}exp(2q2Rg
2/3), whereRg is the gyration

radius, independent of the shape of the scattering objects
correlated-concentrated systems, the typical size can be
mated from the crossover between two scattering ranges
form factor at largeq and the structure factor at smallq.

The scattering signal measured forq parallel to the align-
ing direction ~Z! is restricted to very smallq values. No
typical size can be determined in this direction in agreem
with the picture of long anisotropic LC and polymer objec
aligned along the aligning direction. By contrast, an inten
and stronglyq-dependent scattering signal is measured in
Y direction. TheqY-dependence of the signal~see an ex-
ample in Fig. 6! is well fitted by a power law for all sample
with a power exponent between 2.3 and 2.7, somewhat in
mediate between the two expected limits~Guinier and Porod
behaviors!. Two interpretations can be proposed:~1! The size
of the polymer objects is small and does not contribute to
available SANSq range (qa!1) and, therefore, one mea
sures mainly the contribution of the polymer network
scales between 1/a and 1/j. Several models of connecte
networks could explain this power law@17#, but it is specu-
lative to go further in the interpretation of the power la
given the likely strong polydispersity of the samples.~2! The
size of the polymer objects give rise to a scattering in
01170
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available SANSq range (qa.1) and, therefore, the dat
must be considered as a mixed response. Therefore, we
pose to decompose the signal into two components co
sponding to large and smallq behaviors, using for this as
sumption a two dimensional fit of the SANS figures. Go
fits of all sets of data were achieved, using the sum o
power law and a Guinier function. A typical fit of the data fo
q parallel toY is presented in Fig. 6. The power law~expo-
nent around 3! dominates the signal at smallq and corre-
sponds, therefore, to the high-q part of the structure factor o
a correlated system. The Guinier function corresponds to
low-q part of the form factor of the polymer objects. One c
estimate the typical size of the objects from the Guinier la
One findsa.600 Å for gels prepared with 1.5 mol % an
a.900 Å for 0.7 mol % monomer. Since the size increas
when the monomer concentration decreases, it is very lik
that the polymer objects are swelled by LC molecules.
significant difference is found between gels prepared with
and 6bab monomers for a same monomer concentration
contrast, significant changes are found for 6bab gels whe
electric field is applied and once the electric field is releas
This is concomitant with the decrease of anisotropy of
scattering pattern discussed above, and this confirms tha
polymer network is partially deformed under electric fie
9-5
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for 6bab gels. Much weaker changes are observed un
electric field for 4d gels and the typical size measured af
the field is released is the same as that measured for
prepared gels.

Complementary measurements would be useful at largeq
to confirm the superposition of two contributions. Unfortu
nately, this is prevented here by the rather strong incoher
scattering signal from the gels, mainly due to the hydrog

FIG. 6. Typical fit of the SANS data in theY direction ~area
framed on the bottom part of the figure! with the sum of a power
law and a Guinier function. Here, the data correspond to a
prepared with 1.5 wt % of monomer 4d.
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atoms, and they could be performed only with a complet
deuterated LC. On the basis of the present experiments,
can, however, state that anisotropic polymer objects are
ented parallel to the aligning direction and that these polym
objects form a network. This rules out the picture of polym
fibers independent from each other. This is rather in agr
ment with a polymer network made of entangled shee
close to Hikmet’s model 1. The polymer sheets are like
swelled of LC molecules and their typical thickness is
most of the order of some tens of nm. The correlations
tween sheets extend above the larger scale~some tens of nm!
studied in our SANS experiments. We will show in the ne
part that a correlation lengthj can be measured by ligh
scattering and associated to the typical distance betw
polymer sheets or, equivalently, to the typical transverse
of the LC domains. A sketch of the proposed structure
presented in Fig. 7.

C. Mesoscopic structure of the polymer network

The SANS studies were completed at smallerq by elastic
light scattering experiments. Theu/2u setup allows us to
study the polarizability fluctuations in a given direction
the reciprocal spaceqW as a function of scattering angle, i.e
as a function ofiqW i . For near infrared light, one investigate
the structures at the micrometer length scale. Contrary to
SANS experiments, the scattering contrast is not provided
the difference of coherent scattering lengths of the LC a
the polymer. Here, the contrast is produced by polarizabi
fluctuations in the gel, which are negligible without electr
field ~transparentoff state! and which become important un
der electric field~scatteringon state!. This electric field-
induced contrast occurs between switched LC domains
LC domains anchored to the polymer network@13#, as
sketched in Fig. 8. ForqW parallel to the aligning direction
scattering remains very weak under electric field@12,13#.
This indicates that there is no polarizability fluctuation, i.
no refractive index fluctuation, in this direction. This is a
additional evidence that the polymer objects, and theref
the LC domains~both switched and anchored!, are well ori-
ented along the aligning direction. ForqW perpendicular to the
aligning direction~parallel toY), the scattering intensity de
pends strongly on light polarization@12,13#. For light polar-
ization perpendicular to the aligning direction, scattering
mains very weak under electric field. This indicates that th
is no refractive index fluctuations alongY and therefore that
LC molecules switch in the plane (ZX). In contrast, for light
polarized parallel to the aligning direction~or similarly for
unpolarized light!, an intense and broad scattering peak
measured above a concentration-dependent voltage th
old. Typical scattering patterns for various voltages are p
sented in Fig. 9, for gels prepared with monomer 4d@Fig.
9~a!# or 6bab@Fig. 9~b!#. The maximum of the peak shifts t
high q when the voltage increases while its intensity i
creases. For some gels, the intensity goes through a m
mum at a concentration-dependent voltage and then
creases@Fig. 9~b!#. The positionq0 of the maximum and the
full width at half maximum~FWHM! Dq of the peak are

el
9-6
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reported in Fig. 10 for various concentrations of monom
4d or 6bab. When the concentration of monomers increa
the peak is systematically shifted to largeq and broadens
slightly. For a same monomer concentration, the peak
downshifted for gels prepared with monomer 6bab with
spect to gels prepared with monomer 4d. For the gels
pared with the smallest concentration of 6bab (1 mol %
the position and the width do not follow a monotonous fie
dependence. This is another signature of the deformatio
the polymer network for these gels, and of their concomit
irreversible electro-optical behaviors. Note finally that t

FIG. 7. Sketch of the structure of nematic gels.a is the typical
thickness of the polymer sheets,j is the correlation length betwee
polymer sheets, or, equivalently, the mean-size of the LC doma

FIG. 8. Sketch of the switching of LC under voltage. The m
ecules that are close to the cell surfaces and to the polymer i
faces do not switch.
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light scattering signal is strongly dependent on the sam
thickness~not shown!: for thick samples (100mm or more!,
the scattering peak is much broader and the maximum i
defined.

This scattering peak must be associated to a correla
length, which we callj and we assign to a typical distanc
between polymer objects or, equivalently, a typical size
the LC domains. First let us try to interpret the shift of th
peak maximum to large scattering vectors with increas
voltage. This may be assigned in part to multiple scatteri
which may also explain in part the slight broadening of t
peak at large voltages. However, multiple scattering can
neglected at low voltages~large transmissions! while the
most important part of the shift occurs in this range~Figs. 9
and 10!. Therefore, we rather believe that the shift of t
peak reflects the variation of the correlation length as a fu
tion of voltage. SANS experiments showed that the struct
and anisotropy of the polymer network are not modified u
der electric field for gels prepared with monomer 4d, a
only modified at large voltages for gels prepared with mon
mer 6bab. Consequently, we rule out the hypothesis of
formation of the polymer network to explain the changes

s.

r-

FIG. 9. u/2u light scattering data for different voltages for a g
prepared with~a! 1 mol % of monomer 4d and~b! 1 mol % of
monomer 6bab. The scattering vector is parallel toY and the light
polarization is parallel to the aligning directionZ.
9-7
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FIG. 10. Voltage dependence of the positionq0 ~left! and the widthDq ~right! of the scattering peak, as determined from a Lorentz
fit of the data, for~a! gels prepared with monomer 4d, and~b! gels prepared with monomer 6bab.
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the peak profile. We rather believe that the upshift of
scattering peak for increasing fields can be explained b
progressiverevealing of the network structure. We remin
here that the scattering contrast is between the switched
domains and the LC domains anchored to the polymer
work. At the switching threshold, only the molecules, whi
are weakly anchored to the polymer network, i.e., which
most distant from the polymer interfaces, are allowed
switch. The transmission begins to decrease at low volta
when sufficiently large LC domains are switched. Therefo
the scattering peak at low voltages corresponds to the co
lation length between LC domains sufficiently distant fro
the interfaces. When the voltage increases, other LC
mains, closer to the interfaces, are allowed to switch. T
voltage dependence of the structurerevealingis sketched in
Fig. 11~a!. Therefore, the correlation length between t
switched domains decreases when the voltage increa
which induces a shift to large angles of the scattering pe
This voltage dependence of the shift is the signature o
polydisperse structure with a distribution of sizes of the
domains, and the larger the range of voltages over which
peak shift is observed, the larger the polydispersity. Abov
given voltage, the peak position becomes independen
voltage~Fig. 10!. Only the intensity of the peak continues
change, indicating an increase of the volume fraction
switched LC without changes in the correlation length
Therefore,j must be estimated at large voltages, and is
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the order of 2p/q0max
, i.e., about 6mm and 2mm for 4d

gels of concentration 0.7 mol % and 1.5 mol %, respective
and about 9mm for 6bab gels of concentration 1.5 mol %
The scattering peak is shifted below the experimental re
lution for 6bab gels of concentration 0.7 mol %. A decrea
of the correlation length for increasing monomer concen
tions was expected, this is the signature of a denser pac
of polymer objects. The difference between monomers
and 6bab can also be explained in part by a difference
packing density: 6bab gels present smaller polymeriza
rates and therefore the polymer concentration is smaller
the same monomer concentration.

Even though the analytic description of the angular d
pendence is not straightforward, one can get a general pic
of the structural changes under electric field through
measurement of the total energy scattered by the system
so-called Porod invariant. Such an analysis was propose
a previous study@13# and allowed us to estimate the electr
field dependence of the volume fractions of switched a
anchored LC. The results were shown to be in good ag
ment with Raman scattering results on the same samp
Figure 12 displays the voltage dependence of the volu
fraction of anchored LCfa for different samples. For eac
sample,fa begins to decrease above a first threshold volt
and reaches a plateau above a second threshold voltage
threshold voltages and the anchored volume fraction at
9-8
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FIG. 11. Sketches of the
switching of LC in theXY plane
~X is vertical! under increasing
voltages.~a! Large monomer con-
centrations and/or thick cells,~b!
small monomer concentrations i
thin cells. Top pictures are withou
electric field. From top to bottom
the electric field is increasing.
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depend on both the monomer and its conc

tration : the larger the concentration, the larger the thresh
voltages andfamin

. The voltage dependence offa is
strongly correlated to the electro-optical characteristics of
gels @13#.

The alignment of the polymer network parallel to th
aligning direction is now well established. For small mon
mer concentrations, we also observed an anisotropy in
plane (XY), i.e., an alignment of the network perpendicu
to the cell surfaces~perpendicular toY). This can be studied
by performing so-calledu measurements, i.e., measureme
as a function of the angleu between the incident beam an
the normal to the cell, for a fixed value of the detector po
tion 2u ~corresponding to the maximum of the scatteri
peak!. The stronger theu dependence of the signal, the stro
ger the anisotropy: a monocristal would be characterized
a narrow peak in au experiment, while the signal would b
independent ofu for a powder. The results for the series
gels prepared with monomer 4d are presented in Fig.
They are very dependent on the monomer concentration
smaller the concentration, the larger the anisotropy. For
less concentrated gel~0.7 mol %!, the maximum of intensity
is well marked atu50. This indicates that the polymer ob
jects are very anisotropic in the plane (XY) and that the
correlation length can be defined only along theY direction.
The cristallographic analogy would be a 1D crystal with
cell parameterj. By contrast, for the most concentrated g
the scattering intensity is almost independent ofu and the
cristallographic analogy would be a crystalline powder w
a cell parameterj. Textural differences between gels pr
pared with large and small monomer concentrations are s
matized in Figs. 11~a! and 11~b!, respectively. This change o
anisotropy with monomer concentration is a striking result
is obviously related to finite-size effects for small monom
concentrations. Indeed, the correlation length is of the sa
order of magnitude as the cell thickness for these samp
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FIG. 12. Voltage dependence of the volume fraction of ancho
LC, as determined from the measurement of the Porod invarian
the light scattering data.~a! Gels prepared with monomer 4d,~b!
gels prepared with monomer 6bab. The lines are guides for the e
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This suggests that the growth of the polymer network is
trinsically isotropic in the plane perpendicular to the aligni
direction, i.e., with a cylindrical symmetry with respect toZ,
and is only hindered by the cell windows. This is confirm
by the SANS results performed on relatively thic

FIG. 13. u measurements for gels prepared with monomer
and different concentrations:~a! 0.7 mol %, ~b! 1 mol %, ~c! 1.5
mol % ~top! and 2 mol %~bottom!. The detector is fixed at the
angle 2u corresponding to the maximum of intensity onu/2u scans.
u50 corresponds to the maximum of intensity onu/2u scans.
01170
-

cells and/or on cells with an homeotropic anchoring. No
also that the strong broadening of the light scattering p
for thick cells indicates a much less ordered structure at
mesoscopic scale, i.e., a much ill-defined correlation leng

IV. DISCUSSION

Let us first summarize the structural results obtained
propose a schematic description of the nematic gel struc
~without electric field!. SANS measurements allowed us
evidence the anisotropy of the polymer network at a mic
scopic ~nanometric! scale. The transverse characteris
length of the polymer objects that form the network w
estimated to a few tens of nanometers at most. The an
ropy was also observed at a mesoscopic~micrometric! scale
by optical microscopy and light scattering: the absence
light scattering when no electric field is applied indicates t
there is essentially no polarizability fluctuation, i.e., no r
fractive index fluctuation at the micrometer scale, which su
ports the picture of a uniformly oriented network. Cons
quently, the mesoscopic structure is only revealed wh
switched LC domains induce a scattering contrast un
electric field. This structure is relatively well ordered, esp
cially for low monomer concentrations and thin samples. T
correlation length between the polymer objects if of the or
of a few micrometers and it decreases when the mono
concentration increases. The polydispersity, i.e., the distr
tion of sizes of the LC domains is expressed through
width of the light scattering peak and also through the s
of the peak maximum as a function of voltage. The larger
monomer concentration and the sample thickness, the la
the polydispersity. What about the shape of the polymer
jects?

~1! The EOC depends strongly on the monomer conc
tration, which indicates an interconnected polymer netwo

~2! The polymer network aligns perpendicular to cell su
faces for low monomer concentrations and thin samp
such an anisotropy is not compatible with a cylindrical sy
metry. This rules out the model of independent, cylind
shaped, polymer objects@Hikmet’s model 2, Fig. 1~b!#. By
contrast, our results support well the model of entang
polymer sheets, close to Hikmet’s model 1@Fig. 1~a!#. In this
model, the polymer network forms a much less open str
ture and the EOC is expected to be dominated by the den
of interfaces, i.e., by the concentration. Finally, we used
values ofa andj to estimate the volumic fractions of poly
mer in the gels, using the simple model of a square netw
of cell parameterj made of polymer objects oriented alon
Z. We considered two kinds of polymer objects:~1! sheets of
thicknessa and~2! fibers of diametera. The volumic fraction
express 2a/j and pa2/4j2, respectively. The first mode
gives a good estimate of the real volumic fraction of polym
for all our samples. By contrast, the volumic fractions es
mated from the second model are more than one orde
magnitude smaller than the real values. Therefore,
simple calculation also supports the model of sheetlike po
mer objects. In summary, we propose the schematic pic
of Fig. 6 to describe the structure of nematic gels: the po
mer forms sheets with a typical thicknessa of a few tens of

d
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FIG. 14. Correlations between
structure and electro-optical prop
erties of the gels.U10 andU90 are
defined in the text. ~a! First
threshold of the EOC as a functio
of position of scattering peak, the
line is a guide for the eyes;~b!
Difference between first and sec
ond thresholds of the EOC as
function of FWHM of the light
scattering peak.
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nm, probably swelled of LC, which entangle to form L
cavities with a correlation lengthj of a few mm. For high
monomer concentrations and/or thick cells, both the polym
network and the nematic phase present an uniaxial symm
with respect to the aligning direction. When the cell thic
ness is of the order of the correlation length, finite-size
fects induce a preferential orientation of the polymer she
perpendicular to the cell windows.

Finally, we discuss the relations between the structure
the electro-optical properties. The volumic fraction of a
chored LC was shown to follow a voltage dependence si
lar to that followed by light transmission@13#. This is a direct
evidence that the scattering contrast in nematic gels is
tween anchored and switched LC domains. It is also inter
ing to probe the relations between structure and EOC. Le
defineU10 andU90 as the voltages corresponding to 10% a
90% loss of transmission, respectively, with respect to tra
mission in theoff andon states. In Fig. 14~a!, we reported the
values ofU10 as a function ofq0,max, the position of the
scattering peak on the plateau, for gels prepared with mo
mer 4d. The data are well fitted by a linear dependen
which indicates that the electric field necessary to switch
LC is inversely proportional toj. This is temptating to com-
pare this behavior to that of a pure nematic cell, where
electric field is inversely proportional to the thickness. Th
supports well the model of disconnected LC domains se
rated by polymer sheets, each domain playing the role
small nematic cell. In Fig. 14~b!, we study the correlations
betweenU90-U10 and the width of the scattering peak. Th
broader the width of the peak, the broader the range of v
age between the first and the last switched molecules. N
that no accurate quantitative analysis is allowed becaus
the possible contribution of multiple scattering to the pe
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width. However, as already emphasized above, the broa
ing of the scattering peak also indicates an increase of p
dispersity, and it is expected that switching spreads ove
large range of voltages for polydisperse systems. This
crease is particularly strong at high concentrations. For
this is the signature of anchoring on polymer sheets that
perpendicular to theX direction. Since switching occurs in
the planeXZ, the energy necessary for switching molecu
anchored on polymer sheets parallel to the cell windows
much larger than that for polymer sheets perpendicular to
windows. Here again, these results support the picture
Figs. 7, 8, and 11.

V. CONCLUSION

The structure of anisotropic nematic gels prepared in t
cells with uniform planar alignment was studied in optic
microscopy, SANS, and light scattering from micrometer
nanometer scales. The results support the picture of
sheets of polymer, which interconnect to form a netwo
oriented along the alignment direction~Fig. 6!. The structure
is polydisperse, and the larger the monomer concentrat
the larger the polydispersity. For small monomer concen
tions and/or thin cells, finite-size effects lead to an orien
tion of the polymer sheets preferentially perpendicular to
cell windows~Fig. 11!. The electro-optical properties of th
gels are closely related to their structure.
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